Structure, composition and surface properties dictate corrosion resistance in any given environment. The degrees of freedom in alloy design are too numerous in emerging materials such as high entropy alloys and bulk metallic glasses for the use of highthroughput methods or trial and error. We review three domains of knowledge that can be applied towards the goal of corrosion resistant alloy (CRA) design: (a) the aggregation of knowledge gained through experience in developing CRAs empirically, (b) datadriven approaches that use descriptive metrics for alloy composition optimization, and (c) first-principles models of elementary processes that regulate corrosion informed by theory and inspired by phenomenological models in the literature. A path forward for integrated computational materials engineering (ICME) of CRAs that unites these three knowledge domains is introduced.
INTRODUCTION
Corrosion has a wide impact on society, causing dangerous and expensive damage to structural and functional engineered components, with the cost of corrosion in the US projected to be over $500 billion each year. 1 Understanding and controlling corrosion is necessary for achieving many of the identified engineering grand challenges cited in a recent US National Academy of Engineering study. 2 For example, the long-term disposal of nuclear waste and the use of interim above-and below-ground storage containers and tanks carry the risk of radionuclide release due to degradation and subsequent loss of integrity of containment barriers. 3 Safe storage and disposal of nuclear waste is a major societal and technical challenge. Intrinsically corrosion resistant materials, robust to a broad range of potential environments, are needed to provide the exceedingly long required canister lifetimes. Thus, it is of paramount importance to design corrosion resistant alloys (CRAs) having superb intrinsic corrosion resistance by being immune to aggressive forms of corrosion such as pitting. To meet this objective, it is important to develop a scientifically grounded design process for new CRAs.
Achieving CRAs that possess kinetically slow rates of corrosion requires the formation of stable and protective passive surface films possessing an extremely low probability of localized corrosion events. They also rely on successive barriers to the various stages of pitting: pit initiation, stabilization, and propagation. Furthermore, it is desirable to promote mechanisms that ensure rapid repair, repassivation, or other means of corrosion stifling should the passive oxide film be breached chemically or mechanically.
One strategy for the design of CRAs has involved development of homogeneous solid solution alloys with phase and compositional stability, and the minimization of structural and chemical non-uniformities. 4 Another is the design of multi-phase materials with an optimal balance or combination of alloying elements in each phase 5 or by providing geometric barriers or chemical obstacles to propagation of corrosion beyond phases depleted in beneficial alloying elements. Major, minor and micro-alloying elements in solid solution are used to enhance corrosion resistance. Major alloying elements include those with sufficient solid state solubility such as Cr to reach or go beyond a critical threshold required to form a continuous stable passive film over a broad range of electrochemical potentials and pH [6] [7] [8] or to exceed dealloying parting limit concentrations. Notably, CRAs such as stainless steels containing Cr, and Mo, and nickel-base alloys containing Cr, Mo, and W are well established 9 . However, alloying elements cannot be added without limit due to the need for phase stability, desirable mechanical properties, minimization of cost, and avoidance of brittle ordered phases. Metallurgical stability over the long term remains a persistent issue for all material classes. As an example, low cost austenitic stainless steel rebar materials that substitute manganese for nickel suffer from reduced Cr solubility. 10 Additions of small amounts of molybdenum (1-4 wt%) and nitrogen (0.6 wt.%) to stainless steels, copper (min. of 0.22 wt%) to weathering steels, 11 and arsenic (~0.02-0.10 wt.%) 12 and tin (~1 wt.%) to brass 13 are potent strategies to improve corrosion resistance with minor or micro-alloying element additions. Although theories exist, the beneficial synergies that arise between alloying elements, particularly between Cr and Mo, Ti-Mo, or Zr and Nb, have yet to be derived from a first-principles basis. That is to say, there is no way a priori to predict such synergies, rather than explaining them in hindsight following empirical observation. In addition, detrimental species are usually controlled or sequestered, such as in low carbon and stabilized grades of stainless steel and contaminant control by rare earth treatment or other practices. 14 The development of all these alloying additions has often been an empirical effort, resulting from a high degree of either trial and error, laboratory testing, serendipity, incremental advances and field experience. Indeed, even in the case of modern approaches applied to enable ICME, integrated time dependent prognosis of processes such as corrosion are a cited weakness. 15 Implementation of a systematic scientifically driven process would greatly accelerate and improve CRA development.
There are many trade-offs concerning the range of desirable properties for a CRA (cost and processing constraints not being among the least of these) and it is likely that diverse properties cannot be realized simultaneously. As an example, precipitationstrengthened alloys that purposely introduce nanoscale strengthening phases run the risk of solute depletion especially when the heterogeneous nucleation of these strengthening phases occurs at interfaces. 16 Low-alloy high-strength quenched and tempered steels require carbon for hardness, as well as other elements for hardenability and place phase stability constraints on the passive film former concentrations (e.g., Cr) due to the need to stabilize the high temperature austenite phase required for martensite transformations. [17] [18] [19] Indeed, the metallurgical expertize that has arisen around CRAs is a testament to the ingenuity of the modern era and, in particular, the long term benefits that can be realized by design engineering. However, to overcome this barrier to progress and adopt a more insightful scientific approach, we review some challenges that remain, and assess how Integrated Computational Materials Engineering (ICME) may be applied to corrosion.
CHALLENGES AND OPPORTUNITIES FOR GOING BEYOND STATE OF THE ART
One of the great challenges is to prioritize desirable features and attributes (i.e., descriptors) that confer corrosion resistance given a complex multi-physics problem that spans many length scales with important processes at each length scale. Attributes that confer good corrosion resistance span across the materials/oxide/ environment interfaces and include point, linear and planar defect states in the material, its oxide, and more. 20 Computational design of materials using the ICME approach has recently had success in the design of new materials with improved mechanical or electrical properties 21 but until now has not been applied for designing CRAs. Indeed, the complexity of corrosion phenomena, which depends on both material properties and environmental factors, makes computational design for corrosion a particular challenge.
A crucial missing piece in the computational tools for CRA design is the presence of a unifying model for corrosion with clear, relevant calculable fundamental parameters that can predict the corrosion resistance of an alloy with arbitrary composition and processing history. Likewise, there is no unique metric that can be applied to quantify the corrosion resistance of an alloy from the experimental perspective. Although some quantifiers do exist, such as pitting and repassivation potentials, they are dependent upon the way the experiment is performed and the test environment. Historically, empirical corrosion models are quite limited when applied to novel CRA design. For instance, the most common empirical model, the pitting resistance equivalence number (PREN), was derived strictly by empirical fitting to experimental data for Fe-Cr-Ni alloys, 22, 23 where pitting resistance potency is identified only by adjustments to the regression fit between a desirable corrosion parameter, such as critical pitting potential or critical pitting temperature, and solid solution alloying concentration. PREN contains no science to identify the underlying factors governing the benefits of certain alloying elements, for instance, the Cr-Mo synergy 9, 24 . Therefore, the PREN is unable to anticipate favorable properties created by design of CRAs in new compositional spaces that might include elements other than Cr and Ni (e.g., HEAs). However, PREN remains a baseline starting point for CRA metrics.
There is clearly a need for an advanced approach to CRA design. In the following section we explore the tremendous opportunity that the ICME paradigm provides to advance CRA design.
THE EMERGING ICME PARADIGM
The computational modeling of materials has become increasingly powerful, reaching down to the atomistic level and up towards the simulation of full components in an application-realistic environment. 25 Strategies to harness these modeling techniques for the purpose of corrosion resistance need to integrate these tools together, while maintaining dialog with experimental work and field experience for the purposes of information sharing, verification and validation. 26 ICME is a modern systems-based approach to designing materials, including both composition and processing parameters, that meet a specific need for performance by linking computational materials models across multiple length scales. 27 The ICME approach, provided the availability of robust databases, can readily predict many properties for an alloy based on tools such as CALculation of PHAse Diagrams (CALPHAD) 28 and Density Functional Theory (DFT). 29 Thus, it is ideally suited to efficiently and exhaustively examine a myriad of possible CRA compositions, including HEAs, and work toward identifying those with sought-after attributes. The ICME approach has been said to accelerate materials design projects by a factor of at least 2× with regards to cost and development time. 30 ICME has been used to design alloys for a variety of demanding applications. 31 As a specific example, ICME was used to design a high strength stainless steel (Ferrium S53) that targeted highstrength, and corrosion-and stress corrosion cracking (SCC)-resistance without requiring traditional cadmium plating. (15) To enable this design, a model for SCC resistance was developed, based on the Rice-Wang mechanism of solute segregation to grain boundaries and composition-dependence of resistance to grain boundary decohesion in the presence of hydrogen (12) . Model calibration was performed with DFT data plus experimental measurements of grain boundary chemistry and SCC performance. By combining this cohesion model with thermodynamic phase equilibria models (CALPHAD databases and tools) and models for strength, the composition and heat treatment were optimized to ensure sufficient cohesion enhancing solute at the grain boundary to resist hydrogen embrittlement while also maintaining high strength. While this approach was successful for the development of an alloy resistant to SCC, advances in the design methodology considering more details of the SCC process could lead to increased design efficiency and improved alloys. There is as yet no analogous design methodology for alloys resistant to pitting corrosion.
An analysis of the literature indicates that the ICME approach can be deconstructed into four categories of effort as shown in Table 1 . 26 The scientific models that describe the underlying phenomenology behind materials performance fall into the second category of effort in Table 1 . Science-based modeling techniques that have been applied to elucidate phenomenology related to corrosion include: (a) DFT to compute reaction kinetic parameters such as the nudged elastic band, 32 dimer methods 33 and molecular dynamics; 34 (b) applications of quantum chemical methods to compute solute-surface interactions; 35 (c) development of ensemble Monte Carlo methods in the quasi-harmonic approximation to produce Gibbs free energies; 36 (d) computation of diffusion coefficients and kinetics of solid state reactions; 37 (e) thermodynamic models to infer phase stability, solubility limits and surface segregation; 38 and (f) direct simulation through atomistic modeling of speciation and surface reactions. 39 The thermodynamic and kinetic parameters obtained from first-principles may be used as inputs to simulations of pit growth using (g) electrochemical models solved via methods such as finite differences, cellular automata or phase-field theory; [40] [41] [42] and (h) models for passive film breakdown and localized corrosion, such as the point-defect model; 43 and (i) kinetic Monte Carlo simulation of developing corrosion morphologies and alloy systems to identify compositional targets. 44 Thermodynamic data may be integrated with tools such as CALPHAD 45 to develop metallurgical databases needed for alloy design. Linking all these approaches together, to provide a complete description of the corrosion process, while technically feasible, is an expensive and complex endeavor requiring multiple teams operating in synergy towards a common design goal. At the same time, developing an understanding of the controlling processes governing corrosion will undoubtedly provide the basis for the next generation of corrosion-resistance metrics.
Towards this end, this review aims to identify and examine the current understanding behind many of the primary attributes that confer superior corrosion resistance. We systematically review features that are desirable in a corrosion resistant alloy based on the accumulated body of experience and theory maturity in corrosion science. Throughout, we review computational-based approaches for alloy design and those areas that we believe are ripe for further development towards providing some new metrics in quantifying alloy corrosion resistance.
FEATURES DESIRABLE IN CRAS
In this section we review factors that have been associated with durable, high-performing, corrosion resistant alloys, given a broad examination of the development of CRAs in the past. The factors that confer corrosion resistance, and here we consider broadly oxidizing aqueous environments with chloride present, can be divided into key categories: These qualities will now be reviewed in turn, with the exception of mitigation of SCC as this topic could entail a review all of its own.
COMPOSITIONAL AND MICROSTRUCTURE CONTROL
It may be difficult to produce a defect-free oxide and avoid all surface defects that could trigger localized corrosion. This is especially true in classes of alloys where heterogeneity is unavoidable or even metallurgically desirable, as in the case of precipitation age-hardened alloys, dual phase microstructures or quenched and tempered steels. Here the micro-galvanic couples and dealloying properties of intermetallic compounds (IMCs) can be manipulated by micro-alloying. The simplest approach might be to minimize the potential difference between the IMC and the alloy matrix. Adding elements that collect in unavoidable phases and/or render them less potent towards micro-galvanic coupling is desired. [46] [47] [48] [49] Another approach is to engineer inclusions or intermetallics so they are less corrosion prone in isolation. Defect engineering can also be used to minimize size and spacing of intermetallics or inclusions that serve as a sometimes cooperative array of corrosion initiation sites. [50] [51] [52] It is desirable to limit grain boundary segregation or depletion of the alloying elements during heating and in service. Grain boundary and texture engineering may also be beneficial. Favorable grain orientations may be affected by targeted texturing or de-texturing to obtain crystal orientations that passivate or resist halide adsorption better than other orientations. High angle grain boundaries and clean grain boundaries with many special boundaries having low coincident site lattices may be preferred. Theory and modeling using atomistic simulations with many-body potentials have shown how planar defects, such as grain boundaries, can influence transport properties and serve as initiation sites for localized corrosion attack. 53 To tune composition limits with respect to avoiding dealloying, it is necessary to consider percolation thresholds that control parting limits. Sieradzki and Newman proposed this theory to account for the variation in corrosion resistance according to the concentration of beneficial elements introduced. 54 Essentially, at a critical composition, clusters of the beneficial element can form connected pathways to act as "corrosion blockers." Various computational models based on kinetic Monte Carlo have been applied to explore how alloy structure and composition influence dealloying. 55, 56 Typical wrought alloys only possess a few of these qualities that are often implemented by intuition or incremental approaches. Sputtered thin films open new possibilities by enabling supersaturated solid solutions beyond equilibrium solubility limits. 57 Similarly, amorphous glasses 58 have often been found to offer superior corrosion resistance. The zenith of corrosion resistance has been seen in metallic glass systems, which exploit corrosion resistance strategies including defect minimization, large beneficial supersaturated alloying concentrations in solid solution that operate alone and produce synergies, as well as various beneficial minor or trace alloying elements. 59, 60 Therefore, they could provide a good model system to test many of the concepts listed above. Many may lack the scalability and versatility in product form; these are recognized engineering shortcomings. HEAs provide another class of compositionally complex systems that form single phase solid solutions, and provide the opportunity to draw benefits from a larger variety of alloy elements often present in nearly equi-atomic proportions. HEAs can be designed to minimize microstructural and compositional heterogeneity, and incorporate large concentrations of beneficial alloying elements in metastable supersaturated single phase solid solutions. Recent work [61] [62] [63] has shown that such HEAs demonstrate good corrosion and oxidation resistance, although many of the mechanistic details are unknown. In Fig. 1 we show how CALPHAD can be used to generate phase diagrams for hypothetical alloys that contain beneficial elements and to determine compositions that possess homogeneous single-phase regions. Phase diagrams of this nature can be used not only to determine the composition limits but to guide the heat treatments necessary to produce single phase HEAs.
PROMOTION OF PASSIVITY
Whereas the identity, composition and physical attributes of the metal are the foundations of corrosion resistance, the passive film on a CRA is the first point of exposure between the metal and its environment. The weakest links in the oxide film, apart from the heterogeneities described above, are the point defects and grain boundaries that enable transport and provide pathways between the environment and the underlying metal, and function as active sites for passive film breakdown. For this reason, the identity of the oxide and the processes and individual events that lead to oxide defect formation via environment interaction is of paramount importance. However, when local passive film breakdown occurs at such defects, and a pit nucleates, the interactions between the local chemistry and the metal surface then determine if a stable pit can continue to grow. If the criteria for acid or chloride induced pit stabilization 64 are not satisfied, then repassivation will occur and the metal maintains corrosion resistance.
Robust passive oxide films must possess a broad range of thermodynamic stability in harsh environments; the starting point is usually expressed in terms of electrochemical potential / pH stability diagrams. The advent of ICME tools brings about the possibility for making fast computational predictions of stability regions of oxides in the potential-pH domain for arbitrary metals and alloys. Figure 2 shows 65 Kinetically spontaneous passivation is one of the first requirements after thermodynamic stability and this calls for a low primary passive potential and fast hydrogen evolution reaction rate, which enables easy natural attainment of pit bottom potential above the primary passivation potential in strong reducing acids such as at pits and other harsh environments. The formation of multi-component spinels or high entropy oxides existing as a single homogeneous phase may further enhance passivity especially if they resist Cl -adsorption, and have formation rates greater than chemical dissolution rates in harsh environments. Beneficial passive films are typically thin semiconducting oxides, oxy-hydroxides or hydroxides. Growth of these passive films may be governed by cation or anion ejection, or ionic transport contingent on mobile point defects. These ejection and transport processes will be subject to the high electric fields across the materials/environment interface. They should possess low electronic conductivity, as well as few reactive sites, which enables suppression of electron transfer reactions that drive corrosion. 66 They typically contain a critical amount of a beneficial alloying element in homogeneous solid solution that is readily enriched to form the desired passive film and in amounts exceeding the thresholds for passivation, and that promote the formation of continuous conformal films.
67
According to one theory, the high concentration of Cr in the passive films on Fe-based alloys, 68 even those with a modest Cr content of only 15%, is achieved through a combination of high Fe 2+ and Fe 3+ dissolution rates from the outer layer of the passive film, fast transport of Fe 2+ and Fe 3+ cations combined with slow transport of Cr 3+ through the oxide, and negligible chemical dissolution of Cr 3+ . 69 High ionic defect formation energies and barriers to vacancy mediated point defect migration are desired in this context. In such a way, Cr is enriched greatly in the passive film despite possessing only a modestly greater thermodynamic stability in the oxide phase compared to Fe.
The oxide may be furthered engineered by manipulating the film through addition of dopants (i.e., minor elements), or by using other routes to control the functional properties of these semiconducting oxide films such as tuning the surface composition to favor adsorption of certain anions, 70, 71 changing the number of charge carriers and semi-conducting nature of oxide films to suppress electron transfer reactions, 72, 73 or changing the isoelectric point or pH of zero charge of surface oxides. [74] [75] [76] Shibata considered that the resistance of an oxide film to localized corrosion would be related to the hardness/softness properties of the surface complexes that can form. 77 Hardness and softness are properties that describe the tendency of a chemical system to exchange electrons. Soft systems are readily polarizable, whereas hard systems undergo sharp (stepwise) changes in electronic state. For this reason, soft-anions and soft-cations tend to pair up with one another, as do hard anions and hard cations ("like attracts like"). Shibata's model rationalized SCC behavior in Fig. 1 CALPHAD-predicted phase diagram for an HEA Al x CoCrFeNi above~700°C. This diagram was calculated using the Thermo-Calc HEA database 107 and is used to guide design of the processing of an HEA, specifically the compositional boundaries of the single phase FCC HEA (highlighted in green) and the temperatures in which postcast heat treatment (such as homogenization) can be applied (any temperature above the FCC + B2 solvus and below the FCC + Liquid solidus)
Integrated computational materials engineering CD Taylor et al.
terms of how the hardness of cations and anions can inhibit or accelerate SCC by interacting with bound water at the surface of the passive film. While there remain some aspects of this theory that need further quantification, the idea of quantifying environmental contributions to corrosion through hardness and softness metrics may have some utility. Macdonald's point defect model has been applied to predict the steady-state properties of the passive film according to the film growth kinetics associated with the migration of point defects (e.g., cation vacancies, cation interstitials, and anion vacancies) through the film and their creation/annihilation at the metal/oxide and oxide/environment interfaces. 43 The model was used to describe passivity breakdown characteristics, pit nucleation and transpassive dissolution. Accordingly, designing for passivity may involve tailoring the point defect transport and creation/annihilation properties. 78 In summary, useful properties for the passive oxide film are to:
• contain elements that enable fast repassivation rate at scratches and flaws (e.g., good self-healing abilities)
• spontaneously passivate by having a low formation potential and high rate of hydrogen evolution to counteract acidification • have electronic properties that mediate the population of point-defects 80 and suppress electron transfer 81 
SALT FILMS AND REACTIVE METAL ELECTROCHEMISTRY
Once a passive film has broken down, the applied potential is often far from equilibrium, so that rapid metal dissolution occurs. The bare alloy will ideally have a dissolution rate limited by alloying in the active state, resist halide adsorption, and enrich alloying elements that reduce corrosion or collect at low coordination dissolution sites but not those that increase dissolution such as metalloid elements. 82 Thermodynamically, it is desirable for non-protective salt films to be less stable than passivating oxide films. Therefore, certain elements in solid solution will ideally function as dissolution blockers. 83 Metalmetal (M-M) binary and multi-element interactions at surfaces can create conditions that are unfavorable to bond cleavage and solvation. Exposed metallic surfaces in nascent pits should have low dissolution rates in acids to thwart attempts to create and maintain a stable corrosion environment. Lastly, elements that dissolve in active pits should ideally not be not strongly hydrolyzed, since this would lower the pH, creating an even more aggressive corrosion environment.
After a passive film breakdown event, electrochemical and chemical reactions occur at the nucleating pit surface such as metal dissolution, hydrolysis, acidification, Cl -migration into pits and the competition between salt film and oxide stability. Such reactions become the key technical issues of importance considering rapid dissolution of the metal alloy in competition ); SSUB3 includes all the three elements as single oxides/hydroxides and the Fe-Cr, Ni-Fe, Cr-Ni spinels; the FCC phase in the appended SSOL4 database is included to describe the Inconel 600 matrix. Gas phases in SSUB3 along with H 2 and O 2 in TCAQ3 are excluded from the calculation to reveal the complete stability regions of oxide phases, which otherwise would be overlaid and blocked by gas phase regions. The water stability region boundary lines were added back into the diagram afterwards manually (blue dashed lines). Various regions are highlighted in the diagram: the gray region is the immunity region where oxidation of metals is predicted to occur; the red region indicates where aqueous phase is stable (at least one of the aqueous metal species is stable, but not necessarily all alloying elements are aqueous) and corrosion might occur; the blue, green, and yellow regions represent where protective oxides are stable and passivity may register. More specifically, the blue region is where Fe-Cr spinel is stable, the green region is where Cr 2 O 3 is stable, and the yellow region is where other oxides are stable with repassivation by oxide formation. 64, 84 Given the high rates of ionic phase diffusion away from small localized corrosion sites, propagation (i.e., pit or crevice growth) may also be stifled by the inability of the coupled cathode to polarize the local corrosion site to high enough potentials to achieve the dissolution rate required to maintain the aggressive local environment. 85, 86 Therefore, coupled oxygen reduction reaction (ORR) kinetics are important.
Anderko, Sridhar and Dunn, in a series of papers, [87] [88] [89] laid out a method for predicting the repassivation potential of alloys, given a database of adsorption parameters and activation energies for the processes of dissolution (corrosion) and repasssivation (nucleation of oxides). The model was made applicable to scenarios in which a salt-film (halide) may or may not be present, and has been extended to sour water environments (containing H 2 S).
Following similar reasoning, one could conceivably construct plots that quantify environmental effects that are also known to contribute to corrosion, for instance, resistance to a chloride environment. Figure 3 is a cross plot of chloride formation energies of various elements versus oxide formation energies. It provides insight into the effects of alloying elements on localized corrosion in chloride-containing environments. The formation energies are taken from the Open Quantum Materials Database (OQMD), with the most metal-rich stable compound for each metal ion selected. 90 Although there is a clear linear correlation between metal oxide formation energy and metal chloride formation energy for most elements, Mo is a notable exception, where the oxide is more stable than the chloride. This distinction could be related to the observed extraordinary effect of Mo on boosting pitting resistance of alloys. Other outliers such as Re, Nb, Ti, and S may warrant further study. Other parameters that could be explored in a similar way include the metal hydrogen bond strength. In the field of catalysis, this parameter has been shown to have a 'volcano relationship' with the hydrogen evolution reaction (HER) exchange current density, and thus has been used for optimization of electrocatalytic alloy material compositions. 91, 92 To optimize corrosion resistance, it would be desirable to seek combinations that minimize the electrochemical activities towards processes such as oxygen reduction as discussed below. In contrast, high local hydrogen production rates in pits generate OH -, due to the consumption of H + in the HER. This reaction, therefore, counterbalances acidity due to cation hydrolysis. This property may be optimized by regulating the M-H bond strength to obtain a fast HER rate. Local cathodes are known to mitigate the pH drop due to hydrolysis 93, 94 and the pH drop in pits is mitigated by the proportion of local cathode reaction. The HER exchange current density of a metal is directly related to its work function 91 and can be accessed through DFT modeling. Therefore, fast HER reactions aid in repassivation of pits. Moreover, fast proton reduction helps passivate alloys in strong reducing acids.
First-principles (atomistic and quantum chemical) methods have been applied to study the metal/electrolyte environment, thereby making direct 'ab initio' prediction of relevant factors such as adsorption energies, reaction activation energies, and to study surface processes such as diffusion and dissolution. The latest methods include directly the effects of solvation and an electrochemical interface. 95, 96 Materials that are resilient to corrosion will have high activation barriers to dissolution, but on the other hand readily repassivate upon damage initiation. 97 As these methods mature, it will be possible to simulate the processes of surface oxidation and salt-film formation, and to determine the rate-limiting steps to such processes as a function of the materials composition and environment. Through such studies, it will be possible to identify key descriptors that can be used as metrics to screen candidate materials and complex compositions.
CONTROL OF CATHODIC REACTIONS SUCH AS ORR
Corrosion involves a coupling between the anodic dissolution reactions and the cathodic reactions that accept the electrons produced through the metal dissolution electrochemistry. For this reason, design strategies should also consider ways to limit fast cathodic reactions outside of pits that may support pitting. 66 The use of volcano curves has been one approach to optimizing materials compositions for optimal catalytic activity. Engineering alloying elements and oxides that perform the opposite function and possess high overpotentials for the oxidizing cathodic reactions are desirable assuming the presence of protective oxides spontaneously formed on cathode sites supporting pits. In essence, an alloy surface may be designed by ternary or higher combinations of oxide elements to lower the ORR exchange current density or poison this reaction, which is the opposite of the typical goal for fuel cell binary or ternary metal catalysts. 70, 71 The ORR reaction rate can be regulated by selection of elements with the M-O adsorption strength selected for a slow reaction rate.
DEVELOPING NEW METRICS FOR CRA DESIGN
The challenge remains to develop a better approach than PREN based on scientific principles that can link atomistic, molecular and microstructure scale attributes to corrosion engineering properties. Already introduced in the preceding section, Marcus developed a conceptual model to explain (and then forecast) the ability of certain alloying elements to impart localized corrosion resistance. 83 The approach presented is essentially a twodimensional metric that characterizes the roles of alloying elements in the corrosion resistance of alloys based on the M-M bond energy and heat of adsorption of oxygen (i.e., metal-oxygen bond strength) as a first step in first principles based alloy design for corrosion. A cross plot of these thermodynamic parameters for twelve metals was presented and two corrosion-resistant alloying groups were identified: passivity promoters and dissolution moderators (or blockers). The approach is very similar to the methodology developed by Ashby that uses two-dimensional plots of materials properties to guide materials selection. 98 Marcus' analysis revealed that passivity promoters include Al, Ti, and Cr, and the identified dissolution moderators are Mo, Nb, Ta, and W. The grouping of passivity promoters is based on the notion that metals that adsorb oxygen (or OH) strongly, and whose M-M bond is easily broken, will be favorable for formation and growth of a passive film. Similarly, metals are identified as dissolution moderators if they exhibit strong M-M bonds, which make it energetically difficult to separate them (dissolve) from the matrix under conditions when the oxide film is absent (active corrosion) or during passivation where a low critical current density is desired. To expand the element set to include CRA-forming elements present in Thermo-Calc's HEA CALPHAD database, oxide formation energies from the OQMD 21 and reported experimental cohesive energies 99 were used as indicators for the M-O and M-M bond strengths, respectively.
Most elements in the original Marcus plot [blue data points in Fig. 4 ] are also included in the Thermo-Calc HEA database. Expanding the adapted Marcus plot to include additional elements that might confer corrosion resistance has led to identification of other metals that meet these criteria. Most notably, elements in the Thermo-Calc HEA database [orange data points in Fig. 4 ] such as V, Zr, and Hf reside within or between the regions of passivity promoters and dissolution moderators. Assuming the general Marcus rule of corrosion resistant alloying metals holds for these elements, it is suggested that they might be incorporated in the CRA chemistry to improve corrosion resistance. Additional metals not included in the original paper or the HEA database [black data points in Fig. 4 ] also land in the corrosion-resistant categories: Sc, Y, and Re. The advent of readily available online materials databases such as OQMD and Materials Project 100 has proven useful for data searching and compilation, which will lend itself to developing an improved PREN-like model.
Using E-pH diagrams, thermodynamically favorable oxides may be predicted for a given alloy composition and the estimated stability range. 101 Similar advancements to the M-M bonding principle may be applied to the M-O concept to forecast strong M-O combinations that are capable of forming a surface likely to be a strong oxide former. The goal of alloy design would be to first alloy and then enrich on the surface the desired alloying elements that are beneficial towards corrosion. The oxides selected might be those with high stability against forming M-Cl complexes, high defect formation energies, weak Cl − adsorption and limited lowering of surface energy with Cl -adsorption. This gives the critical threshold alloying content needed for passivation. Whether a given element enriches in the surface passive film and to what extent is the subsequent challenge. The critical alloying content of Cr has been predicted by Kirchheim, Marcus and Gimel and others. 68, [102] [103] [104] Example plots are shown in Fig. 4 where Cr enrichment in the outer layer of the surface of a Fe-Cr alloy expressed at X Cr,e is predicted as a function of the difference in dissolution rates of the two elements at the oxide solution interface and the bulk Cr content in the alloy, X Cr,a . This concept is an important consideration for alloy design: Certain beneficial alloying element may be selected based on E-pH and M-O or MO-Cl − considerations, and then the critical surface enrichment content for that element will need to be determined.
Moving forward with a corrosion resistant alloy metric that improves on PREN, however, will require understanding of how variations in the proportions of these alloying elements, sought for the scientific reasons elucidated above, produce quantifiable gains in the resistance of the material towards corrosion expressed in engineering terms such as the pitting potential. From a general standpoint, a numerical, computer-driven optimization process requires an objective function, say a corrosion resistance factor CRF, against which variables, in this case, values for the alloy composition and the subsequent processing parameters, are varied to find a maximum or minimum. With regards to what is currently known about corrosion resistant alloys, we propose a series of metrics that need to be collectively optimized. These could be conceivably based around the six categories discussed above. These are passivity promotion, microstructure control, halide resistance, anodic dissolution, limited cathodic ORR reactivity, and fast HER kinetics. These six CRF i parameters 1-6, might be summed in some linear or non-linear weighted function f(CRF i ) to produce an overall corrosion resistance metric, CRF tot .
CRF 1 : Metric expressing potential for passivity promotion CRF2: Metric expressing microstructural stability CRF3: Metric expressing resistance to halide induced corrosion effects CRF4: Metric expressing intrinsic resistance to metal anodic dissolution CRF5: Metric expressing potential for low cathodic ORR current CRF6: Metric expressing hydrogen tolerance As highlighted above, there are two routes to construct such metrics. The first method is purely data driven, and involves searching for correlations between descriptive variables between alloy attributes discussed above and a quantifiable performance index. In the emerging world of materials informatics, it is possible to use machine learning to find hitherto unexpected correlations emerging from a widespread database of materials descriptors. For this reason, compilation of a database of electrochemical parameters, such as pitting potential, repassivation potential, corrosion potential and corrosion current, critical pitting temperature, transpassive breakdown potentials, capacitance and polarization resistance, as well as microstructural features such as oxide thickness measurements, homogeneity, second phase and intermetallic particle distributions, etc. as a function of material composition, heat treatment and environmental exposure would be immensely helpful in driving a data-centric approach to materials design. The challenge with this approach is that much new experimental lab-bench work would need to be provided to build statistically accurate models, and when moving into new design space, the data may simply not be available. Hence, a scientifically authenticated approach also needs to be adopted.
The second methodology, therefore, retains a role for scientific modeling of factors highlighted above based on first-principles. Using the scientific understanding of corrosion processes as described in the preceding section, one can in the future construct models for the corrosion mechanisms that are relevant to each of the potential descriptors. For passivity promotion, theory-based computational approaches might focus on M-O bond strength, halide adsorption, and beneficial element enrichment for microstructure control. It might center upon thermodynamic descriptors of phase stability, and for halide resistance it could be the ratio of chloride and oxide formation energies. This approach could be even further expanded towards understanding and developing key phenomenological models that capture the individual processes that make up the local corrosion of CRAs such as film nucleation, growth, film alteration in the presence of corrosive Fig. 4 Cohesive energy as a proxy descriptor for metal dissolution resistance, plotted against oxide formation energy as a proxy for ease of passivation. The blue points are elements from Marcus' original plot, from which this analysis was inspired 82 , orange are elements included in the Thermo-Calc HEA database (TCHEA), 107 and black are additional elements. Regions containing similar elements are circled (passivity promoters in green, dissolution blockers/moderators in blue, and all other elements in red) chemical species, the development of an instability and trigger for initiation, followed by stabilization, and pit propagation. 105 Each stage should be considered separately and then considered in combination utilizing a multi-physics and multi-length scale model. Critical processes could be identified and considered in alloy design. Situations may exist where one process dominates compared to others. 106 Incorporating this approach alongside and interacting with the data-driven approach described above can provide powerful gains as a stepping stone towards a full multiphysics model that captures all the critical processes.
CONCLUSIONS
In this paper, we have reviewed three domains of knowledge that can be applied towards the goal of CRA design: (a) The aggregation of knowledge gained through experience in developing CRAs primarily from a trial-and-error perspective, (b) Datadriven approaches that seek to find descriptive metrics that allow alloy composition optimization, and (c) science-based firstprinciples models inspired by phenomenological models in the literature. The ICME paradigm can be used to unite these three knowledge domains towards deriving an overall framework for predicting corrosion resistance, given a CRA composition. Throughout the discussion we have used the example of HEAs as a rising class of CRAs where there is a need for ICME to guide the alloy development in the complex multi-dimensional design space. Facilitating the development of new CRAs from materials classes such as HEAs will be critical to address the critical technical and societal challenges we face, such as the safe storage and longterm disposal of radioactive waste. Finally, the approach we have expressed in this paper could be applied across differential materials categories including ceramics and glasses. Fig. 5 Estimation of Cr surface enrichment fraction, X Cr,e on an Fe-Cr alloy as a function of the Cr content of the alloy expressed as atomic % X Cr,a. σ is either the ratio of Fe to Cr dissolution rates in the passive range in H 2 SO 4, or the ratio of cation transport rates for migration controlled collection. σ = 500 was found for Fe-Cr alloys in sulfuric acid. σ was 7 when Cr and Fe cation transport were dominate factors. Using 5 the critical alloying content is great than 10 at. % 68 . The black, red, green curves are from the Kirchhiem model. Using the Marcus and Gimal approach 102 the critical Cr content is~15 at. % Cr (Blue)
